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Near-Infrared Light-Emitting Ambipolar Organic Field-Effect
Transistors**
By Edsger C. P. Smits, Sepas Setayesh, Thomas D. Anthopoulos,Michael Buechel,Wim Nijssen,
Reinder Coehoorn, Paul W. M. Blom, Bert de Boer, andDago M. de Leeuw*
Recent years have seen tremendous advances in the area of
organic-based optoelectronic devices and several applications
previously envisioned are now reaching the stage of commer-
cial exploitation.[1] Organic field-effect transistors (OFETs)
are among these devices and can be arguably viewed as a pos-
sible alternative to their inorganic counterparts in a range of
low-cost high-volume applications.[2] Traditionally, OFETs
have been used as pixel switches in active matrix displays and
as the building blocks of integrated circuits where mechanical
flexibility and low-cost fabrication are two prerequisites.[1]
Recently, novel bifunctional OFETs have also made their
debut where, in addition to their classical current-modulating
function, light-emission from within the electroactive channel
has been reported.[3] Such electro-optical transistors are inter-
esting for two reasons: First, the ability of combining opto-
electronic functionalities in a single device will increase the
number of potential applications, like integrated circuits for
signal-processing that involve both optical and electrical
signals. Secondly, it will provide an ideal experimental plat-
form for the study of various fundamental physical processes
(optical and electronic) characteristic in organic semiconduc-
tors.
To date several types of light-emitting OFETs (LEOFETs)
have been demonstrated. The majority of these devices are
“unipolar” in nature (capable of transporting a single charge-
carrier type, i.e., holes or electrons). As a consequence light
emission occurs only at the interface between the semicon-
ductor and the minority-carrier injecting electrode.[3–8] Only
recently light emission from within the transistor channel was
demonstrated in ambipolar OFETs (i.e., capable of transport-
ing both holes and electrons).[9–14] In an ambipolar LEOFET
when the gate is biased in between the source and drain
potentials, holes and electrons are injected simultaneously at
the opposite ends of the channel. At the point where the local
potential within the channel equals the gate potential a
pn-junction is formed at which opposite carriers can recom-
bine to form excitons. When these excitons undergo radiative
decay, the device emits light. The position of the so-called
“recombination zone” can in principle be tuned along the
channel by simply adjusting the gate potential, Vg, and drain
potential, Vd. This has been indeed demonstrated in the
recent works by Zaumseil et al.[12] and Swensen et al.[13] In
both studies, LEOFETs were fabricated using dissimilar
source and drain contact materials to facilitate injection and
transport of both holes and electrons. The use of dissimilar
contacts in combination with suitable gate dielectrics[15] has
been the most suitable method shown so far for fabricating
truly ambipolar LEOFETs.
In this paper, we demonstrate an alternative approach to-
wards ambipolar LEOFETs based on a solution-processable
small-bandgap squarylium dye. Simultaneous injection of
holes and electrons can be obtained leading to ambipolar
transistor operation because of the low energy gap of the dye
and its favorable position relative to the Fermi level of both
gold source and drain electrodes. Under appropriate bias con-
ditions holes and electrons recombine within the channel and
the transistor emits light in the near-infrared region of the
electromagnetic spectrum. By invoking an ambipolar-transis-
tor model we are able to estimate the position of the recombi-
nation zone, at all biasing regimes. Based on these calcula-
tions, the measured change in quantum efficiency as a
function of recombination position within the channel can be
explained. The quantum efficiency of the device is found to
depend only weakly on the position of the recombination
zone along the channel, as long as the recombination zone is
not close to the source or drain contact.
The 2,4-di-3-guaiazulenyl-1,3-dihydroxycyclobutenediylium-
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chased from Aldrich Chem. Co. and used directly for device
fabrication without further purification. The molecular struc-
ture of SQ1 is shown in the inset of Figure 1. The material
was found to be highly soluble in a variety of common organic
solvents. The UV-vis absorption spectrum in the solid-state
(thin film) is shown in Figure 1. A single peak at approxi-
mately 911 nm is observed. From the absorption onset of the
spectrum, the energy gap between the highest molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) is calculated to be 1–1.2 eV. In the solid state, the
HOMO–LUMO gap was determined using an electrochemi-
cal technique with the dye deposited on a glassy carbon elec-
trode employing dichloromethane as the solvent. From the
onset of the redox peaks a bandgap of ca. 1.2 eV was deter-
mined with HOMO and LUMO levels respectively at –5.0 eV
and –3.8 eV with respect to the vacuum level. Photolumines-
cence (PL) measurements were also performed on annealed
films of SQ1 using a 633 nm excitation wavelength from a
diode laser. The obtained spectrum is shown in Figure 1
where a narrow emission peak can be observed at 945 nm.
Radiative recombination was confirmed by using electrolumi-
nescence (EL) measurements. The EL spectrum obtained for
an ITO/SQ1/Ba(Al) diode was similar to the PL spectrum, as
shown in Figure 1.
Bottom-contact field-effect transistors were fabricated by
solution-processing SQ1 on the top of prepatterned sub-
strates.[16] Details of the fabrication process are given in the
Experimental section. Figure 2a (symbols) shows the ambipo-
lar transfer characteristics of a SQ1-based transistor at differ-
ent biasing regimes. The solid lines represent the simulated
curves using the ambipolar transport model discussed later.[16]
The maximum hole and electron mobilities derived from the
transfer curves of Figure 2a are approximately equal and in
the order of 10–4 cm2V– s–1. We note, however, that mobility
values were strongly dependent on the film morphology be-
cause of the crystallization occurring upon annealing, which
led to a significant parameter spread between samples. For our
best transistors hole mobilities as high as 1 × 10–3 cm2V– s–1
were measured.
Under appropriate bias conditions we observed infrared-
light emission from within the electroactive transistor chan-
nel. Figure 2b shows the photodiode current (Ip) as a function
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Figure 1. UV-vis absorption, photoluminescence (PL), and electrolumi-





Figure 2. a) Transfer characteristics of an ambipolar transistor (channel
length L= 2.5 lm, and width W = 50 cm) based on SQ1 at different bias-
ing regimes. Symbols represent the experimental results and solid lines
the theoretical fits using the ambipolar model as described by Smits
et al. [16] The fitting parameters employed are summarized in the text.
The inset shows the schematic of the bottom-contact transistor architec-
ture employed. b) The light intensity measured with a photodiode (Ip)
positioned above the transistor as a function of drain and gate biases.
c) The ratio of themeasured photodiode current over drain current (Ip/Ids)
versus gate bias (Vg) at different drain voltages. The shadowed area
represents the estimated error caused by the photodiodes dark current.
regime the photodiode current showed two maxima, the posi-
tion of which depended on the Vd voltage. We observed that
when the source–drain current is at a minimum, which was
the case when Vg –Vt ≈Vd/2 for similar hole and electron mo-
bilities, the photodiode current was also at a minimum. This
was, however, the position where the recombination was cal-
culated to be located in the middle of the channel. As Ip is
proportional to the number of emitted photons from within
the channel of the ambipolar OFET, and the source–drain
current (Ids) is expected to be proportional to the number of
injected carriers (holes and electrons), we plotted the ratio of
Ip/Ids (∝ external quantum efficiency) versus Vg at different
Vd voltages. These results are displayed in Figure 2c. The
shadowed areas represent the error margins for each
measured point, which were introduced by the dark current
in the photodiode (0.1–0.5 pA). This dark current, although
very low, was comparable to Ids for Vg, where Ids was at a
minimum (see Fig. 2a) and responsible for the Ip/Ids uncer-
tainty in this Vg region. Overall, a slight increase in Ip/Ids with
increasing current was observed, the origin of which is not
understood at present. It is evident from this figure that the
trace resembles a single broad peak/plateau with a small sub-
structure (at each biasing regime). These are in agreement
with results previously published.[12] This broad peak emission
occurs when the device is operated in a pn-junction regime
(Vd>Vg –Vt> 0, where Vt is the threshold voltage).
The reduction of emitted light at higher and lower Vg has
also been observed previously for LEOFETs driven in con-
stant-current mode. Zaumseil et al.[12] have argued that there
are two possible mechanisms responsible for this observation:
one is the metal-induced EL quenching occurring near the
metal electrodes, and the second is the direct transport of
electrons and/or holes to the metal electrode without recom-
bining. For the latter mechanism to occur, the recombination
zone has to be in very close proximity to the metal electrode,
which would mean that the transistor would start to operate
in unipolar mode. To elucidate the origin of this effect in our
devices we employed a microscopic transport model devel-
oped recently for ambipolar organic transistors.[16] This model
is based on the variable-range hopping theory in an exponen-
tial density of states (DOS)[17] and has been shown to give a
fair description of OFETs based on disordered semiconduc-
tors.[18] We assume that in the ambipolar transistor complete
charge recombination occurs in a planar zone perpendicular
to the channel, with a width that is much smaller than the
source–drain distance. Under these circumstances we may ap-
proximate the device to consist of two spatially separated
transistors, an n-type and a p-type, connected in series. The
length of each transistor (Le for electrons and Lh for holes
with L=Le +Lh) depends on the drain and gate voltages. This
implies that at each electrode the current is carried only by
one type of charge carrier, hence the current in the electron
channel can be written as










































and the hole current can be expressed as










































where x is the position in channel parallel to the source drain,
x0 the position in the channel of recombination plane, W and
L are the width and channel length of the transistor, respec-
tively, T is the temperature, T0,e and T0,h are the characteristic
temperatures that indicate the widths of the exponential DOS
for the electrons and holes, respectively, Vt is the threshold
voltage,[16,17] q is the elementary charge, kB is the Boltzmann
constant, BC is a critical number for the onset of percolation
(= 2.8 for a 3D amorphous system[17]), Ci is the geometric
capacitance of the gate dielectric per unit area (17 nF cm–2), e0
is the relative permittivity of a vacuum, es (ca. 3) is the dielec-
tric constant of the semiconductor, r0,e and r0,h are the con-
ductivity pre-factors for the electrons and holes respectively,
and finally ah
–1 and ae
–1 are the wave-function localization
length for the holes and electrons, respectively.
From the condition of current conservation (Ids,e(x< x0) =
Ids,h(x0 < x)), the following expression for the position of the





A Vd  Vg  Vt
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Vd  Vg  Vt
 2T0h
T  7
Using Equation 7 we were able to fit the experimental curves
of Figure 2a (symbols) employing two set of parameters, one
for the holes and one for the electrons. From the fits, the char-
acteristic temperature of the width of the exponential DOS
for both carriers was obtained yielding T0,h = 585 K and
T0,e = 514 K. Furthermore, we obtained ch = 2.0 × 10
–15 and
ce = 1.0 × 10
–14. The values of a–1 and r0 for holes and electrons
can be determined from temperature-dependent measure-
ments. However, that is out of the scope of this Communica-
tion. Vt, was found to be –2 V for a measurement sweep going
from negative to positive gate bias (positive Vd) and 2 V for a
sweep going from a positive to a negative gate bias (negative
Vd). The observed shift in Vt was attributed to electrical stres-
sing of the device, a well-documented process.[19] The para-
meter values T0 and c obtained for SQ1 are comparable with
values reported in the literature for several other organic
semiconductors.[16,18] Theoretical curves are represented as
the solid lines in Figure 2a. From this figure it is evident that
for Vg –Vt biases close to Vd/2, a discrepancy between mea-
sured and simulated data was observed. We attribute this to
parasitic contact effects,[20,21] which were not taken into ac-
count in the model. Despite this discrepancy, however, a good
description of the experimental data can be obtained in both
operating regimes, that is, in hole and electron accumulation.
By substituting the fit parameters into Equation 5 we were
able to calculate the position of the recombination zone as a
function of Vg at positive Vd voltages. This plot is shown in
Figure 3a. As can be seen, the recombination zone could be
shifted throughout the channel by tuning the Vg and Vd poten-
tial, in agreement with previous experimental observa-
tions.[12,13] In order to study the effects of the position of the
recombination zone along the channel on Ip/Ids, we have com-
bined the experimental data of Figure 2b with the theoretical
predictions of Equation 5. The resulting plot is shown in Fig-
ure 3b, where Ip/Ids is plotted versus the calculated position of
the recombination zone. From this analysis we found that near
the metal contacts a drastic lowering of Ip/Ids occurred. At dis-
tances beyond a few hundred nanometers from the contacts,
the external efficiency of the device was only weakly depen-
dent on the position of the recombination zone along the
channel, if one takes the experimental error (shadowed area)
introduced by the dark current in the photodiode current into
account. This observation is consistent with the assumption
that full recombination takes place in a relatively narrow
zone, and provides, thus, further experimental evidence for
the validity of the model. From studies performed on organic
light-emitting diodes (OLEDs) it is known that the distance
of around a hundred nanometers is too large for metal-
induced EL quenching to occur.[22] However, a direct compar-
ison between OLEDs and LEOFETs would be inappropriate
because of the different device geometry. Another possible
explanation for the decay of Ip/Ids near the contacts would be
that the recombination zone itself has a width of the order of
a hundred nanometers. Such a zone would still be narrow
compared to the channel length so that the basic assumption
that led to Equation 5 would still remain valid.[16]
In summary, operation of a near-infrared light-emitting
ambipolar organic transistor has been demonstrated. The ad-
vantage of this device is twofold: i) it employs similar source
and drain contacts of gold, and ii) it relies on a single, solu-
tion-processable organic semiconductor. Such a device config-
uration, in combination with the theoretical model presented
here, provides a powerful tool towards a better understanding
of the various electronic processes within organic materials
under different conditions.
Experimental
Device Fabrication: Ambipolar field-effect transistors were fabri-
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(a)
(b)
Figure 3. a) The calculated position (source to drain) of the recombina-
tion zone (using Eq. 4) versus Vg at different Vd (DVd = 5 V). b) Mea-
sured Ip/Ids versus calculated position of the recombination zone at dif-
ferent Vd. Shadowed areas represent the estimated error caused by the
photodiodes dark current. The grayed areas represent the position of the
source and drain electrodes in space.
trode with a 200 nm thermally oxidized SiO2 layer as the gate dielec-
tric. Using conventional photolithography, gold source and drain elec-
trodes were defined in a bottom contact device configuration (Fig. 2a,
inset) with channel width (W) and length (L) of 50 cm and 2.5 lm, re-
spectively. A 10 nm layer of Ti was used, acting as an adhesion layer
for the Au on SiO2. The SiO2 layer was treated with the primer hexa-
methyldisilazane prior to semiconductor deposition in order to passi-
vate its surface. Films were spun from a 10 mgmL–1 solution of SQ1
in chloroform at 800 rpm for half a minute. Freshly prepared devices
were annealed in vacuum of 10–6 mbar (1 bar= 100 000 Pa) at 115 °C
for one hour. All electrical and optical measurements were performed
in high vacuum (10–6 mbar) at room temperature using an HP 4155C
semiconductor parameter analyzer. Light emission was measured
using a Si pin-diode (Siemens BPX61) placed in close proximity
above the transistors.
Absorption, Electroluminescence, and Photoluminescence Measure-
ments: For UV-vis absorption measurements SQ1 was spin-coated on
a glass substrate from a chloroform solution and subsequently an-
nealed at 115 °C. The absorption spectrum was recorded with a Perkin
Elmer Labda 950 spectrometer. PL measurements on SQ1 films were
performed on the same sample used for the transistor devices fabri-
cated side by side. The film was excited with a 633 nm HeNe laser and
the PL spectrum was recorder using a Horiba Jobin Yvon Labram
spectrograph equipped with a deep-depletion nitrogen-cooled CCD
camera (400–1050 nm). The EL spectrum from the diode structures
was measured with an Andor Shamrock SR 303i-A spectrometer
equipped with an Andor Idus CCD camera. Cyclic-voltammogram
(CV) measurements were performed using a 757 VAComputrace sys-
tem from Metrohm. The CVs were recorded under an Ar atmosphere
in acetonitride/Tetrabutylammoniumhexafluorophosphate on a glassy
carbon working electrode. The redox potential was calibrated against
the internal reference Fc/Fc+ couple.
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